Abstract The complex microstructure of salivary gland pleomorphic adenoma is examined in relation to function. Events related to secretion of macromolecules and absorption, responses to the altered microenvironment and controversies concerning epithelial-mesenchymal transition versus modified myoepithelial differentiation are explored. Their effects on tumor cell phenotypes and arrangements are emphasized. Heterotopic differentiation and attempts at organogenesis are also considered. The approach allows interpreting microstructure independently of histogenetic perceptions, envisaging the tumor cells as a continuum, endorsing luminal structures as the principal components, and defining pleomorphic adenoma as a benign epithelial tumour characterized by variable epithelial-mesenchymal transition, secretion/differentiation and metaplasia.
Introduction
While the interpretation of histochemical and ultrastructural features of mammalian salivary glands in intimate relation to function has been gratifying [1] [2] [3] , the histological assessment of epithelial salivary tumors is conventionally undertaken in isolation from function. Similar to histogenetic considerations [4] , it may be argued that with regard to diagnosis or management, the functional histology of these tumors is ''interesting but unimportant''. It is, however, felt that such an approach would increase understanding and hone diagnostic skills in turn. In this article the functional histology of the morphologically complex salivary gland pleomorphic adenoma (PA) is examined in the hope that alternate interpretations and/or explanations of established observations are reached. The article is not intended as a conventional review of the histology, ultrastructure, histochemistry and immunohistochemistry of PA and the references have been selected in view of the various arguments explored here.
Morphological Perception of PA: Historical Considerations, Catalogue of Components and Definitions
Early investigators noted the infinite variations in structure of PA [5] . Although Masson [5] adequately described the epithelial and mesenchymal-like tissues of the tumor and their relations, it was Willis [6] who attempted cataloguing the various components (Table 1 ). Willis' scheme did not gain popularity and we propose the alternative summarized in Table 2 .
Examination at scanning magnification of routinely-prepared sections from PA resections allows appreciation of the contour, ratio of cellular and stromal components and the usually solid or, rarely, cystic nature of the primary tumor, as well as the multiple nodules of recurrent lesions (Fig. 1 ).
Foote and Frazell [4] suggested that PA can be conveniently classified according to its cellular: stromal components ratio, which has been further developed by Seifert et al. [7] to include the appearance of the principal stromal component (Fig. 2) . The classification is practical and may lead to interesting information. For instance, PAs of minor salivary glands are often more cellular than their counterparts in the parotid [8] . Nevertheless, such a classification lacks clinical significance [4] and is currently unused.
The significance of the variously complete and thick tumor capsule in relation to surgical management has been recently reviewed and amply illustrated [9] and is not further discussed here.
The application of the topographically descriptive terms luminal and non-luminal to describe the variously dyscohesive or non-cohesive tumor cells is simple and precise. Further description of morphologically distinct phenotypes (Table 2) is acceptable as well. Although widely popular, characterising luminal and non-luminal tumor cells as intercalated ductal-like or neoplastic myoepithelial/modified myoepithelial, respectively [10] [11] [12] , seems less satisfactory. Such characterisation together with histogenetic notions allocating the origin of PA to the ducto-acinar junction where intercalated ductal and myoepithelial cells prevail [10, 11, 13] , are in part speculative and so open to debate [14] . This is further explored below.
Of the various cellular arrangements, the luminal structures having an inner layer of cuboidal eosinophilic cells and outer layer(s) of clear cells (Fig. 3a) deserve special reference (For a review of clear cells in salivary tissues, see [14] ). Such a ''biphasic'' arrangement is often seen in the glandular parenchyma of the mature human female breast (Fig. 3b) . This similarity possibly influenced pioneers in salivary pathology who also had a special interest in breast lesions [15, 16] , encouraging them to interpret the non-luminal cells of PA as neoplastic myoepithelia [14] . Bundled arrangements of non-luminal, spindled cells simulating leiomyomatous or schwannomatous appearances are also known to exist [17] .
The extracellular mucosubstances of PA have been histochemically characterized (Fig. 4) . Mucosubstances in lumina usually consist of neutral or carboxylated glycoproteins and are produced by luminal cells, whereas those in stroma are glycosaminoglycans (e.g. hyaluronan, chondroitin sulfate) largely, although not exclusively, produced by the non-luminal cells [18, 19] . Immunohistochemistry assisted in localizing the core proteins of glycosaminoglycans (e.g. aggrecan, lumican, perlecan) [19] [20] [21] . Excessive, newly formed, extracellular elastin is often present in the stroma (Fig. 5 ) (see [14] ). Stellate fibrillar collagen and crystalloids (Fig. 6 ) have been recently reviewed [14] and are not further discussed at this time.
Thick-walled vessels regarded as abnormal veins [22] , can be seen in PA (Fig. 7) . They are probably pre-existing structures trapped within the growing tumor, unrelated to the modest expression of vascular endothelial growth factor in tumor cells [23, 24] and of little diagnostic significance. Small nerve fascicles may be detected (Fig. 8) , but neuro-effector relationships are unlikely to be in play here. In 1965, Garrett [25] , used acetylcholinesterase enzyme histochemistry and recorded little or no coupling of nerves with tumor cells, and recent attempts at localizing neuropeptide immunoreactivities seem uninformative [26] . [5, 13, 15] , and the various definitions (Table 3) [4, 16, [27] [28] [29] . Masson [5] did not consider a myoepithelial component, emphasizing progressive dys/non-cohesion of tumor cells via intercellular secretion and mesenchymatous transformation instead. Hamperl [15] championed the cause of neoplastic myoepithelial cells and Dardick et al. provided electron-microscopical refinement [11, 13, 30] . Only the definitions endorsed by the World Health Organization refer to a myoepithelial component (Table 3) [28, 29] . The picturesque description of dyscohesive or non-cohesive cellular aggregates as ''a swarm of bees'' (Table 3 ) [29] , proved unpopular. Many definitions allude to a ''mucoid'' stromal component (Table 3) [16, 29, 30] , which is confusing.
''Mucoid'' and ''myxoid'' should denote glycoproteins secreted by epithelial cells, and glycosaminoglycans usually produced by mesenchymal or mesenchymal-like cells, respectively.
Non-epithelial cells in PA are outside the scope of this article, but see ''Organogenesis in PA'' below.
Functional Morphological Perception of PA: The Principles
The fundamental function of salivary glands is to produce and release macromolecules in conjunction with transport of water and electrolytes, which is effected via differentiation of the glandular parenchyma towards luminal acinar and various ductal cells [3] . A different line of [31, 32] . Another salivary glandular function is absorption and processing of luminal material, which are effected by ductal cells [2, 3] . It is likely that these functions are altered in a neoplastic setting and the morphological manifestations of those alterations shall be examined in turn. Heterotopic/noninnate lines of differentiation and attempts at organogenesis shall also be considered.
Apart from intrinsic cellular alterations, tumorigenesis affects the microenvironment. Tumor cells would respond to this by adapting and expressing phenotypic changes [33, 34] . These shall be examined and areas overlapping with disordered differentiation will be identified. Secretory Events/Differentiation in PA
The discussion shall be limited to secretion of organic products, in view of the fact that little or no work has been so far directed to an examination of fluid secretion in salivary tumors. Tissue cultures of PA [35, 36] and enzymatic dispersion of salivary tissue are, however, possible. Cellular preparations thus obtainable could be examined by means of electrophysiological techniques and microfluorimetry, to assess whether responses to neurohormonal stimuli and signalling processes are affected in salivary neoplasia. The methodologies have provided relevant information on experimentally effected pathological atrophy and Sjögren syndrome [37, 38] .
The morphological manifestations of secretory events in PA can be classified according to the techniques used for their demonstration (Table 4) .
Mucosubstance histochemistry localizes neutral or carboxylated glycoproteins in apical rims of luminal cells (Fig. 9 ) [18] , where scanty, small, variably dense secretory granules, usually unipartite, can be detected by electron microscopy [39] . Histochemically demonstrable calcium in PA is also periluminally concentrated (Fig. 10 ) and possibly relates to packing of glycoproteins into granules [40] . The glycoproteins and secretory granules of PA resemble those of intercalated ducts in normal salivary glands Fig. 9 PA stained by high-iron diamine followed by AB at pH 2.5 (HID-AB). Carboxylated, non-sulfated glycoproteins (sky blue) are seen in the apical cytoplasm of luminal cells around a lumen (L). Sulfated glycosaminoglycan (brown) is present in the stroma (S) Fig. 10 Cryostat section of PA stained with glyoxal bis(2-hydroxyanil) for ionized and ionizable calcium. Weak stain (arrow) partly outlines a luminal structure (L) [18, 39] , which supports its alleged origin from the ductoacinar junction [10, 11, 13 ]. An alternative explanation would be that tumor cells in PA, although polarized, are only able to synthesize limited, immature, secretory glycoproteins. The absence of neuro-effector relationships in PA may influence the synthesis. A sequence of posttranslational modifications in which sulfation is a late event, effects maturity of secretory glycoproteins and that the tumor cells lack sulfated mucosubstances indicates that such modifications are not advanced [18, 33, 41] . The alternative explanation considered above, independent of site-specific histogenetic perceptions, accords with tumorigenic models emphasizing similarities between tumor cells and immature cells; evidence indicating that proliferative-hence, tumorigenic capacity lies with all types of salivary glandular cells [14] , and the variable amylase, proline-rich protein, lysozyme, lactoferrin and MUC2 immunoreactivities in PA [33, [42] [43] [44] .
The presence of mucosubstances in lumina of PA (Fig. 4) suggests that synthesized secretory glycoproteins are appropriately sorted and targeted for exocytosis. Synthesized plasmalemma-anchored glycoproteins, like MUC1 (epithelial membrane antigen), seem variously sorted; while some reach the cell surface, others accumulate intracellularly [33, 45] . It has been suggested that increased synthesis and/or retention of segregated, variably mature, secretory glycoproteins in PA effect enlargement and cytoplasmic granulation of non-descript tumor cells and, in turn, acquisition of acinar phenotypes [33] . This would explain the occasional, routine histological finding of short columnar tumor cells that show fine apical cytoplasmic granulation or amorphous mucoid material (Figs. 11, 12 ), as well as mucous, seromucous, and serous cells (Figs. 13, 14) . Histochemical features of mucous and seromucous cells in PA have been previously described [33] ; the presence of -SH groups and absence of sulfated mucosubstances therein (Fig. 13b) , indicative of early post-translational modifications [2, 41] , are consistent with the alternative explanation discussed above. The processes are envisaged as a continuum and plasticity is a likely feature of salivary parenchyma. In experimental hypertrophy and hyperplasia of the salivary glands, intercalated ductal cells accumulate secretory granules and assume an acinar appearance [46] .
Except for acini and intercalated ducts, secretory granules are also found in the periluminal rims of salivary striated ducts [47] , where kallikrein (KLK) activity has been localized with the use of immunohistochemistry and enzyme histochemistry [48, 49] . Luminal structures lined by tall columnar cells with eosinophilic cytoplasm and central nuclei, which resemble striated ducts, are an occasional histological feature in PA (Fig. 15) . Tissue KLKs, a family of 15 serine proteases, include KLK3 (prostate specific antigen) [50] . Prostate specific antigen immunoreactivity has been detected in periluminal rims of human striated ducts (Fig. 15, inset) , and focally in some PAs [51, 52] . In the context of salivary pathology, such immunoreactivity has been regarded as an immunohistochemical or diagnostic pitfall [52, 53] rather than linked up with KLK3; immunohistochemistry for KLKs had not been applied to the characterisation of the so-called ''striated duct adenoma'' [54] . Of the other members of the family, KLKs 8, 10, 13, and 14 have been immunohistochemically localized in PA [55] [56] [57] [58] . Non-luminal, cohesive, cuboidal cells in mono-layered, palisaded arrangements resembling those of the basal layer of stratified epithelia can be seen in PA (Fig. 12) . Single or multiple layers of non-luminal, spindled or clear cells that are fraying off into the stroma (Figs. 2a, 3a) , where they then assume angular, stellate or plasmacytoid phenotypes are far more common. They have been interpreted as neoplastic myoepithelia or modified myoepithelia (see ''Morphological perception of PA'' above) [10] [11] [12] 59 ], in accordance with the idea of disordered site-specific differentiation in neoplasia. The selective staining of various numbers of these cells by milling dyes [60] and immunohistochemistry for S-100 protein, p63, a-smooth muscle actin (a-SMA), caldesmon, calponin, and cytokeratin (CK) 14 (Figs. 16, 17) [10, 21, 61-65] appeared to reinforce such an interpretation. However, S-100 protein is not a marker of normal salivary myoepithelial cells (Fig. 16, inset) [66] ; CK14 may be luminally expressed (Fig. 18) [63] ; combined electron microscopy and stereology showed that typical myoepithelial cells are rare in PA [67, 68] ; the subpopulation of a-SMA (?) cells may not be extensive therein [64] ; plasmacytoid cells do not express a-SMA [69, 70] . Special staining and immunohistochemical features of the filament-laden and likely effete, plasmacytoid cells are shown in Fig. 19 . [5, 71] . The process has been later described as mesenchymalisation or stromalisation attributable to activation of dormant mesenchymal genes in tumor epithelial cells [18] . Figure 20 indicates that its early stages are recognized as decreased intercellular cohesion in epithelial luminal structures and accumulation of newly synthesised glycosaminoglycan therein. This has been electron-microscopically confirmed [18] and to some extent is a feature of other salivary adenomas [72] . Via the process, formerly polarized tumor epithelial cells lose cell adhesion molecules (E-cadherin) and secrete matrix [19, 73] . Eventually, they separate and disperse in copious myxoid stroma (Fig. 2a) where they simulate primitive mesenchyme or ''swarming bees'' and express a5-integrin and fibroblastic and chondrocytic collagens (types I-III) [74, 75] . Electron microscopy showed that the decreased intercellular cohesion involves both luminal and nonluminal cells [76] , while immunohistochemistry showed similar numbers of Ki67 (?) cycling cells in luminal and non-luminal arrangements [77] . These findings allow tumor cells in PA to be regarded as a continuum. Although often overshadowed by stroma, the luminal structures are principal components of this tumor, which is in keeping with the microstructure of benign tumors of exocrine glands.
Mesenchymatous transformation/stromalisation as described above is within the range of epithelial-mesenchymal transition (EMT) [78] . Immunohistochemistry neatly highlights the observation that much of the tumor parenchyma in PA shows transitional, epithelial, and mesenchymal phenotypes (Fig. 21 ) [79] ; in situ hybridization localizes aggrecan (chondroitin sulfate proteoglycan 1) and CK14 mRNAs in luminal cells of epithelial phenotype and non-luminal cells of mesenchymal phenotype, respectively [79, 80] . Further support for EMT in PA is given by the variable immunohistochemical localization of transforming growth factor (TGF)-b isoforms in luminal and non-luminal tumor cells [81] , for TGF-b effects EMT [82] . EMT would also account for the hyalinisation/collagenous structures, elastosis and cartilaginous (Figs. 2b,  6 ), osseous, myoid (smooth muscular) and adipocytic ( Fig. 22 ) [83, 84] phenotypes of PA; this explains its complex microstructure in turn. In this context, assessing expression of Snail1 (a protein that influences EMT via transcriptional repression of E-cadherin) in PA would be of interest.
EMT as a feature of PA is certainly appealing, but the notion of neoplastic or modified myoepithelia seems anchored and reinforced by the argument that PA does not originate in exocrine pancreas where myoepithelial cells are absent [85] . Langman et al. [86] noted that calponin (?) and p63 (?) non-luminal cells in PA coexpress Wilms tumor 1 protein (WT1), and suggested WT1 as a myoepithelial marker. Interestingly, these authors did not record any WT1 immunoreactivity in normal salivary myoepithelial cells [86] . A recent investigation confirmed this absence and suggested that WT1 (?) cells in PA undergo EMT (Fig. 23) [87] . This would be consistent with the role of the WT1 gene in influencing epithelial or mesenchymal status [88] . When particular macromolecules are not expressed in normal cells, caution should be exerted before immunoreactivities of purported pathological analogues are interpreted as markers of those cells. The trend of discovering novel myoepithelial markers is still upwards, podoplanin being a recent example [21] .
It may be argued that EMT and neoplastic or modified myoepithelia are not mutually exclusive. Loss of Fig. 19 Plasmacytoid cells (a). They are variously stained with a milling dye (tannic acid-phosphomolybdic acid-amidoblack; b arrows), and are a-SMA (-) (c, stained vessels are arrowed), S-100 protein (?) (d), CK/5/6 (-/?) (e), CK14 (-) (f), vimentin (?) (g) and WT1 (?) (h) intercellular cohesion and cytoplasmic accumulation of myofibrils would be expected in a tumor cell undergoing myoid EMT, which would thus qualify as a neoplastic myoepithelial or modified myoepithelial cell (Fig. 21) [87] . EMT allows, however, a broader perspective and an explanation of non-myoid cell phenotypes independent of an intervening phase of modified myoepithelium.
Although outside the scope of this article, ''myoepitheliomas'' have been considered as members of the PA family [89] . It is likely that ''myoepitheliomas'' are PAs featuring widespread myoid EMT that eventually results in ''depletion'' of luminal structures.
Heterotopic Differentiation in PA
Except for the innate lines of differentiation discussed above, the ectodermal origin of salivary glands would account for the occasional finding in PA of structures resembling abortive hair follicles (Fig. 24) . Luminal cells showing apocrine features (Fig. 25) and collections of sebocytes are also seen. Apocrine and sebaceous phenotypes in salivary tissues have been recently reviewed [14] .
Absorption, Lysosomal Activities, and Calcification in PA Although absorption and processing of luminal material is a form of heterophagy [3] , little attention has been paid to lysosomal activities in salivary neoplasia. In normal glands, such activities also effect post-translational modifications of secretory glycoproteins, whereas autophagy eliminates redundant secretory granules and is significant in the formation of microliths [3, 14, 41] .
The use of special stains shows lipofuscin, an end product of phagy, in luminal and plasmacytoid cells of PA [90, 91] . Later electron-microscopic and cytochemical investigations demonstrated lysosomes and lysosomal enzyme activity in luminal cells of PA [92] . A recent immunohistochemical investigation showed expression of CD63, a glycoprotein of lysosomal membranes [93] , in apices of luminal cells and in tumor mucous cells (Fig. 26 ) [94] . While lysosomal activities in luminal or mucous cells could reflect absorption and/or autophagy of secretory granules, those in plasmacytoid cells may relate to remodelling of cytoskeleton (see below).
Autophagy of secretory granules containing calcium would account for the formation of microliths in PA (Fig. 27 ) [14, 40] . Absorption/processing of luminal material may result in ''apocrine'' phenotypes of luminal cells [14, 72] .
Adapting to Microenvironment: Metaplasia and Remodelling of Cytoskeleton in PA
Although keratin pearls are unusual in PA (Fig. 22) , aggregates of squamous (epidermoid) cells are common (Fig. 28) and conventionally attributed to metaplasia. Apocrine, sebaceous, mucous and oncocytic cells and lipomatous or osseous areas may also reflect metaplasia (Figs. 29, 30 ). The squamous cells usually express CKs of higher molecular weight [63] ; sebaceous and oncocytic cells have been recently reviewed [14] ; and bone morphogenetic proteins, variously expressed in luminal and [95] .
The squamatisation/keratinisation processes in PA provide an opportunity for commenting on the CK profile of tumor cells. The likely trend is that luminal cells express basic CKs of low molecular weight, for instance CK7, whereas non-luminal cells express acidic CKs of high molecular weight, for instance CK14 [63] , and may reflect particular lines of differentiation [64] . Variations are, however, possible [63] and the often complex patterns can be alternatively explained as indicative of a plastic cytoskeleton adapting to an altered microenvironment. Remodelling of the cytoskeleton to withstand increased luminal pressure could explain the staining of luminal cells for CK14 (Fig. 18 ) [63] , and the occasional finding of squamatized luminal cells (Fig. 28) . Such remodelling is also a feature of other salivary adenomas [72] , with luminal squamatisation reinforcing consideration of tumor cells as a continuum. Expression of HSP27 in non-luminal, cohesive or non-cohesive, squamous and plasmacytoid cells of PA has been reported [94] . It has been suggested that expression of HSP27 in salivary tissues is associated with remodelling of the cytoskeleton [96] . This may reflect cellular adaptation, disturbance, or differentiation. Expression of HSP27 in non-luminal cells (Fig. 31 ) can be reconciled with remodelling of cytoskeleton to provide mechanical support of luminal cells [31, 32] and enable adjustment to microenvironmental changes effected by copious or reorganised matrix. Excessive cytoplasmic accumulation of intermediate filaments, indicative of cellular disturbance and effecting cytoplasmic hyalinisation [28, 32] , would account for the immunoreactivity of plasmacytoid cells. Finally, response to increased luminal pressure may account for the occasional mucous cells in PA that produce sulfated glycoproteins [33] .
Organogenesis in PA
Occasionally, mucous and seromucous tumor cells are arranged in structures resembling acini [33] , whereas serous tumor cells capping luminal structures simulate demilunes (Fig. 32) . Possibly they correspond with Willis' ''nearly normal-looking salivary tissue'' [6] . Figure 33 shows what could be highly organized, tumor parenchyma of branching ductal and terminal acinar segments, although the possibility of atrophic salivary glands trapped within the growing tumor cannot be excluded.
A very rare feature of PA is shown in Fig. 34 . It has been interpreted as the neoplastic counterpart of salivary analogues of mucosa-associated lymphoid tissue (MALT; see [14] ), although the small lymphocytes ''homing'' to luminal structures appear to be T-cells rather (Fig. 34e) than B-cells (Fig. 34d) . HLA-DR in PA is usually associated with dendritic non-epithelial stromal cells [97] , hence, its expression in tumor cells (Fig. 34f ) seems linked to ''homing''.
Conclusion
The standard texts on the histology of PA are detailed [4, 16, 27, 89, 98] and reviews of advances in salivary pathology ignore PA or are concerned with genetics rather than morphology [65, 99] . It is only hoped that those texts are reviewed in conjunction with this article. The ''functional'' approach allows perceiving PA free from the restraints of histogenetic considerations; envisaging expansion of a cellular population concerned with forming lumina/polarized secretion, and affected by various genotypic derepression/phenotypic responses to altered microenvironment; defining PA as ''a benign epithelial tumor that is characterised by variable epithelial-mesenchymal transition, secretion/differentiation and metaplasia''; planning of further research to address specific questions.
Increased understanding of luminal cells may be more gratifying (Fig. 35) [100], than a quest for ''myoepithelial'' markers.
